The stability analysis and stabilization problems of the wireless networked control systems (WNCSs) with signal transmission deadbands were considered. The deadbands were respectively set up at the sensor to the controller and the controller to the actor sides in the WNCS, which were used to reduce data transmission, furthermore, to decrease the network collision and node energy consumption. Under the consideration of time-varying delays and signal transmission deadbands, the model for the WNCS was presented. A novel Lyapunov functional which took full advantages of the network factors was exploited. Meanwhile, new stability analysis and stabilization conditions for the WNCS were proposed, which described the relationship of the delay bounds, the transmission deadband bounds and the system stability. Two examples were used to demonstrate the effectiveness of the proposed methods. The results show that the proposed approach can guarantee asymptotical stability of the system and reduce the data transmission effectively.
Introduction
Networked control systems (NCSs) have won more and more applications recently because of the reduction of costs of cables and power, the simple installation and maintenance, and the high reliability [1−4] . NCSs are now being implemented over wireless networks because of the need for rapid deployment, flexible installation and node mobility in many military, commercial and industrial applications [5] . These systems are known as wireless networked control systems. WNCS is a growing research field that lies at the convergence of computation, control and communication. The simplest WNCS includes a plant and a controller with point-to-point wireless communication between them [6−7] . In the WNCSs, some recent works consider the network factors such as signal channel noise, signal quantization, network induced delays and pocket dropout. And, these studies have focused on some problems including stability analysis and stabilization [7−10] , guaranteed cost control [11] , and fault-tolerant control [12] . In the WNCS, a large amount of data pockets transmit in the limited network bandwidth, so, the probability of congestion is increased, which may lead to higher transmission delay and packet loss [13] . Transmission data losses and communication delays strongly affect the stability and performance of the closed loop. Only using controller design approach cannot effectively improve the performance of systems. The most effective way to improve the performance of systems is to reduce network transmission [4] . So, adopting a suitable network scheduling strategy, to decrease the amount of transmission data, will lead to improvement of the network response. In Refs. [14−15] , network transmission reduction in networked control systems was achieved by applying deadband control. The data packets were sent over the communication network only, if the signal value changed more than a given threshold. Recently, a packet-based deadband control approach was proposed for internet-based NCSs [16] . There may be some limitations on the previous approach. Firstly, the given stability analysis and stabilization conditions have not been fully taken advantage of network delays lower bound. Secondly, the proposed approach only decreased the control input signal transmission by packet-based deadband control. For continuous-time WNCS, GAO et al [17] adopted deadband control approach to reduce the network data transmission, and proposed H ∞ controller design condition for the WNCS. To the best of the author's knowledge, the control problem of discretetime WNCS with deadband scheduling has not been fully investigated and still remains challenging.
In this work, an alternative look is taken at stability analysis and stabilization problem for WNCS with time-varying delays and signal transmission deadbands. Taking the network delays and deadband effects into consideration at the same time, the WNCS model is presented. By employing a novel Lyapunov function which takes full advantage of the network factors and using relax matrix variables to reduce conservativeness, the sufficient conditions of stability analysis and stabilization for the WNCS are proposed. Finally, two numerical examples are provided to illustrate the effectiveness of the proposed approach.
Problem formulation
The WNCS with two transmission deadbands can be described in Fig. 1 . In the WNCS, the transmission deadband 1 is set up at the side of the sensor to controller and the transmission deadband 2 is set up at the side of the controller to the actor. The plant is a discrete-time linear time-invariant system whose state-space representation is given by
where ( )
is the state vector, and ( )
is the control input vector. A and B are constant matrices of appropriate dimensions.
Transmission deadband
In this work, both the state signals and control input ones are processed by transmission deadbands before they are sent to the controller and actuator, respectively. At the same time, it is assumed that the sensor and sampler are clock-driven, while the controller, ZOH (zero-order holder) and actuator are event-driven. The implementation of deadband control will lead to network data transmission reduction while maintaining acceptable system performance. A node with the transmission deadband compares the previous value x(k) to the most recent value x(k−1). The data packets are sent over the communication network only, if the signal value changes more than a given threshold. The input signal x(k) and the output signal ( ) k  x of the transmission deadband 1 can be described as
where i=1, 2, …, n and 1 ( )
is the threshold of deadband. δ 1i is the weighting of deadband threshold, and
, …, n, and then Eq. (2) can be written as
If the absolute value of the difference between x(k) and ( 1) k   x is within the deadband, then no update data are sent to the network. As the size of the deadband δ 1 increases, the number of messages transmitted by a node decreases.
In the following, the relation between the input signal u(k) and the output signal ( ) k  u in the transmission deadband 2 can be described as
where j=1, 2,…, m, and 2 ( )
is the threshold of deadband. δ 2j is the weighting of deadband threshold, and
, n, and then Eq. (4) can be written as
Let d(k) represent the experienced time-delay of the sampled data of the plant output received by the actuator at time instant k. It is supposed that
where d m and d M are positive constants presenting the lower and upper delay, respectively. The networked controller is a state-feedback controller given by
where m n   R K is state-feedback control gain matrix to be designed later.
By combining Eq. (3) and Eq. (5), the control input can be written as
where I denotes the identity matrix of appropriate dimensions. , .
In the following, we call δ 1 and δ 2 as transmission deadband bounds (TDB). It is clear that in the same network conditions, the larger the value of TDB is, the smaller the quantity of data transmission is in the WNCS.
Closed-loop WNCS with two transmission deadbands
By combining Eq. (1) and Eq. (8), the closed-loop WNCS is given by
This model combines the networkinduced time delay with deadband control for the wireless networked control systems. Obviously, the model is an appropriate one to describe the WNCSs.
Results

Performance analysis
In the following, we will propose a stability analysis condition based LMIs for the system (9) with a given K when the effects of transmission deadbands and network delays are taken into consideration at the same time.
Theorem 1: Consider the WNCS in Fig. 1 . For given scalars d m and d M satisfying 0≤d m <d M , 0<δ 1 <1, 0<δ 2 <1, ε n >0 (n=1, 2, 3) and a matrix K, the closed-loop WNCS (10) with two transmission deadbands is asymptotically stable if there exist matrices P=P T >0, T 0 ( 1, 2, 3), 
Then, WNCS (9) is asymptotically stable.
 and construct a Lyapunov functional as
, and then we have
and introduce relaxation variable matrixes
By the Schur complement, it is easy to see that Eq. (10) in Theorem 1 is equivalent to 0,    and the proof is completed.
Remark 2: Theorem 1 presents a stability analysis condition of WNCS with two transmission deadbands, which is an LMI condition when the controller gain K is given. Theorem 1 describes the relation of the delay bounds, the deadband bounds and the system stability. By choosing a novel Lyapunov functional which takes full consideration of the characteristic information of such WNCS and introducing a mount of relax matrix variables, less conservative stability criterion for stability analysis is derived. When the deadband effects of WNCS (1) are removed, the following WNCS will be obtained:
Corollary 1: For given scalars d m and d M satisfying 0≤d m <d M , the closed-loop WNCS (14) is asymptotically stable if there exist matrices P=P T >0, 
Remark 3: Corollary 1 gives a new delay-dependent stability criterion for discrete-time WNCS with time-varying delays. By introducing more relaxation variables, Corollary 1 is generally less conservative than some existing results. The example section shows this point.
Based on Theorem 1, we obtain the following stabilized controller design method.
Theorem 2: Consider the WNCS in Fig. 1 . For given scalars d m and d M satisfying 0≤d m <d M , 0<δ 1 <1, 0<δ 2 <1, and ε n >0 (n=1, 2, 3), the closed-loop WNCS (9) with two transmission deadbands is asymptotically stable if there exist matrices X=X T >0, 
In this case, the state-feedback gain is given by 
where 
and
If the solution of the above minimization problem is 5n (n is the dimension of x(t)), that is, mintr( L  XX
R R U U U U [18] , then the conditions in Theorem 2 are solvable. Although it is still not possible to always find the global optimal solution, the proposed nonlinear minimization problem is easier to solve than the original nonconvex feasibility problem.
Numerical examples
Example 1 and Example 2 are used to demonstrate the obtained stability and stabilization conditions are less conservative respectively. 
Conclusions
1) Considering the characteristics of limited network bandwidth, limited node energy and high network collision in WNCS, within the recently reported delay WNCS framework, the signal transmission deadband control is proposed to reduce network collision and node energy consumption.
2) Under the consideration of time-varying delays and variable transmission deadband, the network delays and signal transmission deadband are combined in a unified framework of the WNCS model. By using Lyapunov functional approach, less conservative stability analysis condition of such WNCS is derived. Moreover, the stabilization controller design method is proposed.
3) A numerical example and a practical example are used to show the advantages of the proposed methods. The simulation results show that this approach can significantly reduce the data transmissions in WNCS and in the meantime the proposed stabilization controller can maintain the systems to be asymptotically stable. 4) Our future work will mainly focus on co-design strategy for networked control systems based on deadband control and variable sampling method. We will explore the relations of the sampling intervals, deadband bounds and the systems performance.
